This paper presents an ecological-economic model for a lake and its watershed systems. We describe the linkage between the watershed system and the lake aquatic ecosystem and the modeling process. The lake-watershed system was divided into six subsystems: social system, economic system, terrestrial ecosystem, lake water system, pollutant system, and lake aquatic ecosystem. The model equations were constructed based on five main assumptions. The Lake Qionghai watershed in southwestern China, which is undergoing rapid eutrophication, was used as a case study. The targeted goals for total phosphorus (TP) and chlorophyll a (Chl a) concentrations in the lake in 2015 are 0.025 and 10.0 mg m À3 , respectively. We present two scenarios from 2004 to 2015 based on the ecological-economic model. In both scenarios, the TP and Chl a concentrations in the lake are predicted to increase under the effects of watershed pressures and the targeted goals cannot be met. The application of techniques to reduce pollutants loading and the corresponding pollutants reductions are reflected again in the constructed model. The model predicts that TP and Chl a concentrations will decrease to 0.024 and 7.71 mg m À3 , respectively, which meet the targeted thresholds. The model results provide directions for local government management of watersheds and lake aquatic ecosystem restoration.
Introduction
Freshwater ecosystems are crucial for social development (Naiman et al., 1998) , but rapid development within watersheds due to human activities have had negative ecological consequences on ecosystem structures, processes, and functions (Western, 2001) . For lake aquatic ecosystems, human activities in the watershed can lead to loss of keystone species and functional groups, high nutrient turnover, low resistance, high porosity of nutrients and sediments, and the loss of productivity. Therefore, it is necessary to restore aquatic ecosystems based on the understanding of the link between watershed changes and the corresponding effects on the lake aquatic ecosystem. The goals of ecological integrity and health should be maintained despite intensive human activities (Kramer et al., 1997; Beaulieu et al., 1998; Oglethorpe and Sanderson, 1999; Roe and van Eeten, 2002) . The relationship between society and ecosystems should be harmonized at the watershed scale, and the lake-watershed ecosystem and society should be treated as integrated systems.
To determine the ongoing human-nature interactions in order to develop policy for regional sustainable development, an interdisciplinary approach and system theory should be used (Boulanger and Brechet, 2005; Vandenbergh and Nijkamp, 1991) , and it is necessary for scientists to employ sound ecological principles and provide interdisciplinary ideas for decision makers (Naiman et al., 1998) . Ecological economics provides an effective means to handle interdisciplinary problems with social, economic, and ecological dimensions (Shi and Gill, 2005) . The paper ''Production, Consumption, and Externalities'' is considered to be the first systematic framework to integrate economic and ecological processes (Ayres and Kneese, 1969; Milon and Shogren, 1995) , and ecological economics has been often used at the regional scale (Suh, 2004) .
Models can be useful management tools. To include the complexities of ecosystems and social systems, economic or ecological models alone cannot achieve good predictions. Thus, integrated ecological-economic modeling has developed since the 1980s (Gao, 2003) . Despite the differences between economic and ecological models, they contain some commonalities in the methods of analysis and modeling procedures, such as systems analysis, information integration, modeling, and application (Campbell, 2001 ). Thus, ecological-economic modeling, which can be used to integrate social systems and ecosystems, has been widely applied in decision making (Costanza et al., 2002; Drechsler and Wa¨tzold, 2006) . The relationships among the systems are analyzed before the models are built. Land-use changes and subsequent consequences for natural and social systems have been the focus of the previous studies (Camara et al., 1986; Costanza and Gottlieb, 1998; Fohrer et al., 2002; Moxey et al., 1995; Munier et al., 2004; Pickett and Cadenasso, 2002; Suh, 2004; Weber et al., 2001) . System dynamics (SD), the Delphi method, scenario analysis, input-output models, and landscape models have been commonly applied (Chappelle, 2001) . The Patuxent landscape model by Costanza et al. (1997) is considered to be a successful application of ecological-economic modeling at the watershed scale. The model contains both economic and ecological systems, and the effects of interrelated ecological and economic factors on the watershed landscape are modeled (Costanza et al., 1997; Voinov et al., 1999) . Similar studies that have addressed the different economic and environmental implications of landscape design scenarios include that of the Walnut Creek watershed in Iowa (Coiner et al., 2001) , the Delaware estuary model (Russell, 1995) , and the integration of economic, environmental, and GIS modeling to target cost-effective land retirement in multiple watersheds (Yang et al., 2003) .
Despite these achievements, the ecological-economic modeling of lake-watershed systems, especially of the linkage between the lake ecosystem and its watershed, is rarely studied. Although watershed pressures have been considered in ecological models of lake aquatic ecosystems in previous studies, they are often treated as external variables; the models focused mainly on pollutants, and the effects of water resources and direct economic activities were largely ignored. Joint research to examine the direct linkages between watersheds and aquatic ecosystems is rare. One example is the SD model of Lake Uluabat in Turkey, which was constructed to reflect the balance between the ecosystem and economic activities in the watershed (Guneralp and Barlas, 2003) . Three sectors were employed in this model: the lake aquatic ecosystem, economic activities, and social structure. The model contained 11 assumptions, and the results were analyzed to provide policy alternatives. This model can be improved based on detailed analyses of the linkages.
As an extension of previous ecological-economic modeling efforts, we focused on developing a comprehensive ecological-economic model of lake-watershed systems and sought to apply the proposed method to decision making regarding Lake Qionghai in southwestern China. The proposed model consists of the following subsystems: economic, water resource, lake aquatic ecosystem, terrestrial ecosystem, and social system. We expected our results to aid not only scientists, engineers, and planners in understanding the complexity of lake-watershed systems and interactions among system components, but also to help local authorities manage the lake aquatic environment in an effective and efficient way.
Study area and information integration Background information
Lake Qionghai, an altiplano lake in southwestern China, is the second largest freshwater lake in Sichuan Province and part of the Yangtze River system (Fig. 1) . At normal water levels, the lake has an area of 27.88 km 2 and a volume of 2.89 Â 10 8 m 3 . The Lake Qionghai watershed is located between 27147 0 and 27151 0 N and 102116 0 and 102120 0 E, and covers an area of 307.67 km 2 . The watershed contains a complex system of intimately interacting social, economic, and environmental components.
The coverage of mountains is more than 80% in the watershed, which results in different hypsography falls and densely covered rivers and streams. In the study area, the stream density is 0.68 km À2 . There are several main rivers in the area: Guanba River, Ezhang River, Qing River, Gangou River, and others (Table 1) .
The study area is composed of six tributary basins. To fully reveal the impacts of the basin characters to the nutrient loading, 20 smaller basins are partitioned based on our previous study (Fig. 2 and Table 2 ) .
The Lake Qionghai watershed is agriculture-dominated. Over the years, with regional development, the watershed has been threatened by eutrophication due to excessive pollutant loading from point and nonpoint sources (Jin, 1995) . Domestic sewage from urban population, agricultural runoff, soil losses, and atmospheric deposition are taken as P inflows into Lake Qionghai, among which agricultural runoff and soil losses are the main sources.
The artificial manures in the rural areas, including the human excreta, livestock egesta, residues from the marsh pools, and the chemical fertilizers, are used as nutrients for the croplands. The main cropland types in the watershed include paddy fields, dry farmland, and orchard fields. The nutrient exporting from the croplands is mainly due to the irrigation. In addition, according to field investigations, soil erosion and periodic flow of mudrock bring large amounts of nutrients and heavy metals into the lake (Liu et al., 2007a) . The soil losses of the Lake Qionghai watershed can be referred in Table 3 .
The average annual concentration of total phosphorus (TP) and total nitrogen (TN) in Lake Qionghai increased rapidly from 0.001 and 0.012 g m À3 , respectively, in 1988 to 0.041 and 0.388 g m À3 . June, July, and August are the 3 months with highest phytoplankton numbers in the lake (Fig. 4) . The water quality of Lake Qionghai does not meet targeted goals. The lake is undergoing rapid eutrophication, especially since the implementation of the ''Develop the West'' campaign by the China central government in 2000. This situation will worsen if strict countermeasures are not imposed to reduce external pollutants and restore the aquatic ecosystem. Because phosphorus (P) is the limiting nutrient for Lake Qionghai , we place much focus on its analysis.
According to local scientists and governments, the primary goal is to restore the aquatic ecosystem of Lake Qionghai. Thus, the corresponding threshold Chl a concentration in Lake Qionghai should be 10 mg m À3 (Jin, 1995) . The water quality should meet the requirements of the Environmental Quality Standards for Surface Water issued by the State Environmental Protection Agency of China (SEPA), which state that the TP concentration should be kept below 0.025 g m À3 . Thus, a comprehensive program is essential to protect the regional environment and restore the aquatic ecosystem over the period [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] , as advised by the local government.
Data sources and information integration
Field sampling, monitoring, literature reviews, and interviews are often the main data sources for watershed modeling (Endter-Wada et al., 1998; Lant et al., 2005; Oglethorpe and Sanderson, 1999; Roe and van Eeten, 2002) . In this study, the field investigation took place between April 2003 and July 2004. The fundamental watershed data, including lake volume, river inflow and outflow, biomass of aquatic vegetation and fishes, pollutant discharge, and atmospheric deposition, were obtained by field sampling and monitoring (Fig. 5) . Lake water samples were collected on a monthly basis (Liu et al., 2007b) . Water samples were collected twice per month, from the surface and 3 m in depth using Van Dorn's plastic bottles and seven random samples for one monitoring site. The temperature, pH, and electrical conductivity (EC) of each water sample were determined at the sampling points by a digital pH-EC meter. All the other water quality parameters were sampled, preserved, delivered and analyzed using the standard methods of APHA (1998). Historical information on the population, economic and social activities, land coverage, and pollutant loadings were assessed from the literature, statistical reports, and published administrative documents. Interviews were another important source of information. The key point of the interviews was audience identification, which allowed the recognition of stakeholders and the assessment of their interests in the studied system (Castillo et al., 2005) . We classified the audiences and stakeholders into three groups: core, marginal, and external audiences (Liu et al., 2005) . Each group had different opinions on watershed problems, with distinct concerns. All were involved in the processes of problem identification, forecasting, scenario prioritizing, and policy making for the restoration of Lake Qionghai.
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The integration of information at different temporal and spatial scales is important for modeling. The main challenge is that the information obtained contains different types of factors, from different sources and in different forms. A critical part of information integration is to indentify key variables, processes, functions, and boundaries (Slocombe, 2001) . In lake-watershed systems, an interdisciplinary understanding of social and ecological systems is absolutely necessary to deal with the complex relationship between society and nature (Barry, 1999) . Developing a systemically conceptual model, identifying interactions and connections among system components, and creating multidisciplinary teams are the three stages for information integration across domains and disciplines (Slocombe, 2001) .
Model description and methodology

Conceptual description of the model
Structures and processes are the core elements of system analysis (Lant et al., 2005) . Humans are an integral part of lake-watershed systems (Endter-Wada et al., 1998) , including their political, economic, and sociocultural systems (Campbell, 2001) . Human activities can directly affect lake and watershed ecosystems, which are mainly constituted by land coverage, water resources, hydrological systems, and aquatic ecological processes. The conceptual description of watershed ecological-economic modeling and the linkage between the watershed and the lake are shown in Fig. 6 , which provides a foundation for constructing model equations. 
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Methodology
To explore the complex linkages between lake and watershed systems, we applied a SD approach to capture system interactions and feedbacks. A SD approach is thought to be necessary in modeling such systems, and is a valuable tool with which to integrate information from different domains (Slocombe, 2001; Shi and Gill, 2005) . The watershed ecologicaleconomic model and the lake ecological model were combined to reflect the effects of future watershed development on the aquatic ecosystem of Lake 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 Chla (mg·m Qionghai, and the model results were considered in local decision making. The linkage between the watershed ecological-economic model and the lake ecological model (Berkes et al., 2003) occurs as the effects of water and land use on lake ecosystem processes (e.g., the export of nutrients and sediments from the watershed) and the alteration of hydrological processes in the watershed (Santelmann et al., 2001) , the effect of fisheries on aquatic ecosystem structure, and the amounts of pollutants and nutrients discharged from social activities and the corresponding effects on Lake Qionghai (Fig. 6) .
The model contained five main assumptions for describing the main processes: the absence of natural hazards and catastrophic changes in the demographic system in the watershed; constant precipitation, climate, and geographic characteristics; annual average pollutant concentrations and aquatic biology; Aristichthys nobilis as the representative fish based on field sampling; and no inflationary effects.
System analysis and formulation
The lake-watershed system was roughly simplified into six subsystems for specific analysis: social system, economic system, terrestrial ecosystem, lake water system, pollutant system, and lake aquatic ecosystem. Based on the system analysis, we constructed a SD model comprising 201 parameters and formulations, which contained 30 main equations and 72 key parameters. The main formulations for each subsystem are listed in the following (Carpenter et al., 1999; Jorgensen, 1994; Kitchell et al., 2000; Liu et al., 2006; Oglethorpe and Sanderson, 1999; Reed-Andersen et al., 2000) . We used the software package Vensim PLE (Ventana Systems; Tracing and Checking, 2002) to formulate the ecological-economic model of the lakewatershed system. The fundamental equation used to evaluate the level of variable A (Level.A) at time t was Level:AðtÞ ¼ Level:Aðt À dtÞ þ Rate:A dt,
where t and dt are the simulation time and interval, respectively, Level.A(t) and Level.A(tÀdt) are the level variable A at times t and tÀdt, respectively, and Rate. A is the rate of change from tÀdt to t. The fourth-order Runge-Kutta method was used to integrate the model (Liu et al., 2007a) .
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Social subsystem
Humans play a major role in the lake-watershed system. The population size and structure and the rate of urbanization greatly affect the other subsystems, for example, the economic subsystem and land and water resource demands. In 2003, approximately 84,153 permanent residents lived in the watershed, of which 23.53% lived in urban or suburban areas. The population in the watershed has a rapid annual rate of increase, on average 0.89%. The low urbanization rate of rural residents imposes pressure on farmland use because of the abundance of highlands and relative shortage of prepared farmland in the watershed. Rapid population growth has resulted in serious stress on wastewater discharge, water supply, and solid waste disposal systems . The main formulations for social subsystem are as follows:
Urban population :
Urbanization level :
where RP is the rural population (people); AGR RP is the average net rate of increase in the rural population setting at À0.009; f AGP, RP is the policy factor affecting rural population; UR PR is the rate of conversion of rural to urban population (%); UP is the urban population (people), 50,985 in 2003; NGR UP is the average net rate of increase in the urban population, setting at 0.1; AMP is the annual average immigration (people), setting at 250; f AMP is the policy factor affecting immigration; UL is the urbanization level (%); VP is the visiting population (people); TPW is the total population in the watershed (people).
Economic subsystem
The economic system is composed of agriculture, industry, and the service industry. According to statistical classifications in China, agriculture can be divided into crop farming, forestry, stockbreeding, orchards, and fisheries. The gross domestic product (GDP) of the Lake Qionghai watershed in 2003 was US $38.16 million. Agriculture, industry, and the service industry accounted for 39%, 47%, and 14% of the GDP, respectively. The production values (PV) of crop farming, forestry and orchards, stockbreeding, and fisheries accounted for 56.6%, 1.1%, 32.4%, and 9.9% of the total agricultural production value, respectively. These economic activities can result in direct pollution discharge, water resource consumption, and changes in land use, which can affect water quality and the lake aquatic ecosystem. The main formulations for economic subsystem are as follows. GR FO is a function of A FO and increasing rate of unit price for economic forest:
Industrial GDP : GDP I ðtÞ ¼ GDP I ðt À dtÞ
Service industrial GDP : GDP SI ðtÞ ¼ GDP SI ðt À dtÞ
Fishery GDP : GDP FI ðtÞ ¼ GP FI AFPðtÞ,
Forestry GDP :
Farmland GDP :
Orchard field GDP : GDP OF ðtÞ ¼ GDP OF ðt À dtÞ
Stockbreeding GDP :
where GDP is the gross domestic product (million $), 34.79 in 2003; GDP I is the industrial GDP (million; GDP A is the agricultural GDP (million $); GDP SI is the service industry GDP (million $); GDP FI is the fisheries GDP (million $); GDP FO is the forestry GDP (million $); GDP PA is the stockbreeding GDP (million $); GDP OF is the orchard GDP (million $); GDP PL is the farmland GDP (million $); GR I is the annual rate of increase in GDP I (%), 0.076 in 2005, 0.052 in 2010, and 0.05 in 2015; GR SI is the annual rate of increase in GDP SI (%); GP FI is the fish value per unit weight ($ ton À1 ); AFP is the annual fishery production (ton yr À1 ); GR FO is the annual rate of increase in GDP FO (%), value at 0.59%; GR OF is the annual rate of increase in GDP OF (%); GP PF is the production value per unit area of paddy field ($ ha À1 ); GP DF is the production value per unit area of dry farmland ($ ha À1 ), setting at 1031.25; GDP PF is the paddy field GDP (million $); GDP DF is the dry land GDP (million $); A PF is the area of paddy field (ha); A DF is the area of dry farmland (ha), 77,292 in 2003; N LS is the number of
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livestock; P LS is the value of livestock ($); N PL is the number of poultry; P PL is the value of poultry ($) at $3.25.
Terrestrial ecosystem
Forest is the largest terrestrial ecosystem type in the watershed; it improves the local environment and water cycling, and prevents soil losses. The distribution of different land-use types has a direct effect on resource consumption, pollutant loading, and land-water interactions. In 2003, towns, dry cropland, abandoned pasture, roads, forested upland, orchards, water, gardens, and exposed gravel accounted for 5.59%, 18.97%, 5.57%, 0.19%, 44.96%, 11.20%, 10.82%, 1.79%, and 0.91%, respectively, of land-use types in the Lake Qionghai watershed. The main formulations for terrestrial ecosystem are as follows:
Dry-land area :
Forest area :
Grassland area : A GL ðtÞ ¼ A GL ðt À dtÞ
where R PF is the change in area of paddy land (%); A GL is the area of grassland (ha), 1711 ha in 2003; R GL, DF is the percentage of grassland to farmland; R DF is the change in area of dry land (%); A FO is the area of forest (ha), 218,641 in 2003; A LF is the area of farmland converted to grassland (ha yr À1 ); R GL,FO is the percentage of grassland to forest.
Lake water system
Water is the major resource considered in this study. Inflow to and outflow from the lake are considered. Inflow includes surface and subsurface water, wastewater, and precipitation. Outflow consists of water consumption and natural processes. The water consumption sectors are crop farming, livestock husbandry, fisheries, industry, tourism, residential use, and ecological use. The water demand in the watershed was 54.60 million m 3 in 2003. The main formulations for water inflow and outflow of the lake are as follows:
Artificial water exaltation : 
Pollutant system
The main sources of pollutants for Lake Qionghai are domestic sewage, agricultural losses, soil losses, and atmospheric deposition. According to our monitoring, the TP and TN loadings for the lake were 76.69 and 345.92 ton yr À1 , respectively (data for 2003). Pollutants can be exported hydrologically and by water resource development, fishery production, and the harvest of aquatic plants. The pollutant budget between the watershed and the lake is substantial for the aquatic ecosystem of Lake Qionghai. The main formulations for pollutants inflow and outflow of the lake are listed as follows. According to the field investigation, there is no industrial discharging directly into the lake; the pollutants in this study refer to N and P . C m is the quotient of net pollutants inflow into the water column and water volume in the lake. Here water resource development means artificial exaltation for daily life and irrigation, etc.:
Soil losses :
Hydrological export :
Water resource development : ) ; A Q is the Lake Qionghai surface area (km 2 ); PEF is the pollutant export from fisheries (ton yr À1 ); S is the atmospheric dust sinking directly to the lake bottom (kg km À2 yr À1 ); C s is the average pollutant concentration in atmospheric deposition (mg kg À1 ); C r is the average pollutant concentration in rain (g m À3 ); C m is the average concentration of a specific pollutant in the lake (g m  À3 ) ; PHE is the hydrological export of pollutants from Lake Qionghai via the Hai River (ton yr À1 ); PWRD is the export of pollutants via water resource development (ton yr À1 ); C i is the pollutant outflow from Lake Qionghai (ton yr À1 ); PEPF is the export of pollutants via aquatic plants harvest (ton yr À1 ); PSS is the pollutants in dust from the atmosphere (ton yr À1 ); PAD is the pollutant in atmospheric deposition (ton yr À1 ); PCF is the pollutants in fishes (% of wet weight); PPS is the pollutants in precipitation (ton yr À1 ); APP is the annual harvested aquatic plant production (ton yr À1 ); PWC is the pollutants in the water column (ton yr À1 ); PCAP is the pollutants in aquatic plants (% of wet weight); R is the rainfall in the watershed (mm yr À1 ). The values of the variables in the pollutant system can be refereed to our previous studies .
Lake aquatic ecosystem
The fundamental components of lake aquatic ecosystems are the food web and the circulation of nutrients such as nitrogen (N), phosphorus (P), and organic substances (OS). The major circulation processes include: N-P-OS inputs from the watershed; N-P-OS uptake by phytoplankton, grazing of phytoplankton by herbivorous fishes and zooplankton, predation of herbivorous fishes and zooplankton by carnivorous fishes and aquatic animals, and microbial decomposition of dead life forms; N-P-OS sedimentation and mineralization; N-P-OS dissolution into the upper water; and N-P-OS outputs to external systems through the water supply and fishery activities (Scheffer, 1998) . N-P-OS inputs and outputs can be directly linked to the pollutant system. The main formulations for lake aquatic ecosystem are listed as follows. The function of PP GA to the concentrations of TP and TN can be referred to (Jorgensen, 1994 ). In the model, an average phytoplankton:Chl a ratio of 316 is assumed according to the historical data of Lake Qionghai (Jin, 1995; Simonit and Perrings, 2005) :
Biomass of fishes :
where PP is the biomass of phytoplankton (mg m À3 ), 770 in 2003; PP GA is the annual increase in phytoplankton biomass (mg m À3 yr À1 ); BR PP is the respiration rate of phytoplankton (yr À1 ), setting 0.6; MR PP is the normality rate of phytoplankton (yr À1 ), setting 0.15; HR PP is the rate of grazing on phytoplankton (yr À1 ); FP is the biomass of fish (ton m À3 ); FR FP is the rate of grazing on fish (yr À1 ); ZP is the biomass of zooplankton (mg m À3 ), 1620 in 2003; AGR ZP is the actual rate of increase in zooplankton (yr À1 ), setting 0.7; BR ZP is the respiration rate of zooplankton (yr À1 ), setting 0.02; MR ZP is the normality rate of zooplankton (yr À1 ), setting 0.3; HR ZP is the rate of grazing on zooplankton (yr À1 ); FP GA is the annual increase in fish biomass (ton yr À1 ); MR FP is the normality rate of fish (yr À1 ), value at 0.05 (Jin, 1995) .
Model behavior
The model was trained and calibrated using data from 1988 to 1997 and verified using data from 1998 to 2003. The simulation period was from 2004 to 2015. The verified variables included GDP, TPW, V outp , V ipw , GDP A , GDP I , GDP SI , and TN, TP, and Chl a concentrations. Eighteen variables were used for sensitivity analyses following the method in Guo et al. (2001) . The relative error for the certain variable can be calculated as the following:
where RE is the relative error, OV is the observed value, and SV is the simulation result. The relative errors of some key variables indicated relatively good consistency (Fig. 7) . However, the relative errors of aquatic variables such as TN, TP, and Chl a were larger than those of other variables (Fig. 8) .
Scenarios and the corresponding ecological effects
Two watershed system scenarios were developed based on discussions with local stakeholders, experts, and governmental officials. Scenario I represents watershed changes under the present development module, whereas scenario II reflects watershed changes under optimal development, including the promotion of both service industry growth, for example, tourism and commerce, with increased urbanization (Liu et al., 2007a) . The effects of these two scenarios on the aquatic ecosystem were modeled.
Scenarios I and II from watershed model
Under scenario I, the current rate of growth and policies and plans for watershed management were maintained. The GDP was predicted to increase to US $74.49 million by 2015, and the V outp to decrease from 54.600 million m 3 yr À1 in 2003 to 47.00 million m 3 yr À1 in 2015 because of the rapid decrease in V DRA . The V ipw reached 2.643 million m 3 in 2015. The area of dry land decreased, whereas that of forestry increased (Table 4) . Under scenario II, the service industry prospered. The GDP in 2015 was higher than that predicted in scenario I, with higher demand on water and land resources and thus more pollutants discharged into the lake (Table 5 ).
Ecological effects of the scenarios
Under both scenarios, the increases in the population and pollutant discharge and the changes in the terrestrial ecosystem undoubtedly affect the lake aquatic ecosystem. For example, the models show that both TP and Chl a concentrations in the lake will continue to increase (Fig. 9) , potentially resulting in increased eutrophication and phytoplankton blooms and decreased water quality. Lake Qionghai is located on the Yunnan-Guizhou Plateau, and has comparatively strong radiation and high average temperature, which promote the growth of phytoplankton. In addition, the turnover time of water in the lake is long and the average depth is about 10 m. These factors make the aquatic ecosystem of Lake Qionghai more susceptible to degradation and difficult to restore from impairment.
Integrated analysis and policy implications
Scenario II is thought to be the ideal scenario by local government and stakeholders based on interviews performed in April 2004. Therefore, we focused on the analysis of potential countermeasures and corresponding improvements in the aquatic ecosystem in Lake Qionghai under scenario II. One direct countermeasure is to reduce pollutant loads to the lake. For example, under scenario II, 89.70 ton yr À1 P will be discharged to the lake in 2015 (Table 5) . In addition, considering the probability of error in the forecast (Fig. 7 and Fig. 8 ), TP and Chl a concentrations should be controlled at the much stricter thresholds of about 0.024 g m À3 and 8.0 mg m À3 , respectively. Thus, P loading must be reduced to 68.6 ton yr À1 to maintain lake water quality. Some essential techniques to reduce P loading include point source control, nonpoint source control, preventive engineering to reduce soil loss and debris flow, dredging of lake sediments, restoration of natural wetlands in riparian areas, ecological restoration of riparian areas, forest maintenance, and rural ecological engineering. Taking these countermeasures into consideration in Eqs. (20)-(27), the reductions in P were calculated as 1.9 ton yr À1 for the control of point source discharge, 9.4 ton yr À1 for nonpoint source control and rural ecological engineering, 11.0 ton yr À1 for soil loss prevention and forest maintenance, and 0.2 ton yr À1 for riparian restoration and dredging. This results in a potential total P reduction of 22.5 ton yr À1 , which meets the anticipative goal at a total cost of US $131.25 million .
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The model was modified to include the effects of reductions in pollutant loads to the lake (Fig. 10) . With these reductions, the TP and Chl a concentrations will decrease to 0.024 g m À3 and 7.71 mg m À3 , respectively, which meet the targeted thresholds. Thus, the aquatic ecosystem will be expected to improve in the years following improvements.
Discussion and conclusion
The ecological improvement of Lake Qionghai requires a total investment of US $131.25 million, whereas under scenario II, the GDP will increase to US $113.85 million in 2015, with a total cumulative GDP for the 2004-2015 period reaching US $884.6 million. According to the policy issued by the SEPA in 2001, affordable environmental investment (AEI) should equal about 1.3% of the regional GDP. Thus, the available annual investment for environmental-ecological engineering should reach US $11.50 million between 2004 and 2015 (Liu et al., 2007a ). An obvious shortage exists in the investment required, which poses a large burden on the local government. A compromise relationship between the pursuit of economic development and the burden to the natural ecosystem must be attained for most areas of China. Therefore, it is urgent that money be raised or institutional incentives and economic policies be implemented to induce external corporations to jointly develop and implement these ecological engineering techniques in the study area. For example, building-operating-transferring (BOT) mechanisms could be introduced in wastewater treatment plants.
The lake and its watershed are complex and uncertain systems, and despite the simplicity of the proposed model, it is the first attempt to model this system while considering the major local systems and stakeholders. Efforts can be made to improve the model structure, predictions, and corresponding policies and countermeasures based on continuous long-term monitoring. An adaptive management process, including monitoring, model revision, evaluation of management programs, and feedback, should be established to facilitate the restoration of Lake Qionghai. Certain uncertainties are associated with the processes of modeling and management (Drechsler and Wa¨tzold, 2006) , which can be better addressed by introducing related methods such as Monte Carlo simulations and bootstrap techniques. Uncertainties in the management process should be emphasized, and methods and theories can be applied, for example, scenario analysis, post-normal science, and multicriterion evaluation, to fully reflect the potential system changes and the concerns of local stakeholders (Munda, 2004) .
Our proposed ecological-economic model for the lake-watershed system consisted of six subsystems: social system, economic system, terrestrial ecosystem, lake water system, pollutant system, and lake aquatic ecosystem. We presented two likely scenarios, and the TP and Chl a concentrations did not meet the targeted goals under either. Thus, it is advisable to use various techniques reduce P loading to the lake. Considering the effects of these proposed techniques, the model predicted that TP and Chl a concentrations should decrease to 0.024 g m À3 and 7.71 mg m À3 , respectively, which meet the targeted thresholds. This case study shows that ecological-economic modeling can be utilized for practical lake restoration and decision making.
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